Type II deiodinase (D2) is important in the regulation of local thyroid hormone bioactivity in certain tissues. D2 in skeletal muscle may also play a role in serum triiodothyronine (T 3) production. In this study, we identified a polymorphism in the 5Ј-UTR of the D2 gene (D2-ORFa-Gly3Asp). We investigated the association of D2-ORFa-Gly3Asp, and of the previously identified D2-Thr92Ala polymorphism, with serum iodothyronine levels. D2-ORFa-Gly3Asp was identified by sequencing the 5Ј-UTR of 15 randomly selected individuals. Genotypes for D2-ORFa-Gly3Asp were determined in 156 healthy blood donors (age 46.3 Ϯ 12.2 yr) and 349 ambulant elderly men (age 77.7 Ϯ 3.5 yr) and related to serum iodothyronine and TSH levels. D2-ORFa-Asp 3 had an allele frequency of 33.9% in blood bank donors and was associated with serum thyroxine (T 4; Gly/Gly vs. Gly/Asp vs. Asp/Asp ϭ 7.06 Ϯ 0.14 vs. 6.74 Ϯ 0.15 vs. 6.29 Ϯ 0.27 g/dl, P ϭ 0.01), free T 4 (1.22 Ϯ 0.02 vs. 1.16 Ϯ 0.02 vs. 1.06 Ϯ 0.04 ng/dl, P ϭ 0.001), reverse T 3 (P ϭ 0.01), and T3/T4 ratio (P ϭ 0.002) in a dose-dependent manner, but not with serum T 3 (P ϭ 0.59). In elderly men, D2-ORFa-Asp 3 had a similar frequency but was not associated with serum iodothyronine levels. This new polymorphism in the 5Ј-UTR of D2 is associated with iodothyronine levels in blood donors but not in elderly men. We hypothesize that this might be explained by the decline in skeletal muscle size during aging, resulting in a relative decrease in the contribution of D2 to serum T 3 production.
THYROID HORMONE IS ESSENTIAL for growth, development, and regulation of energy metabolism (14) . It stimulates metabolic rate by increasing ATP turnover and by regulating the expression of uncoupling proteins in the mitochondria of fat and skeletal muscle (26, 33) . Production of thyroid hormone is regulated by the classic hypothalamus-pituitary-thyroid axis, whereas the biological activity of thyroid hormone, i.e., the availability of triiodothyronine (T 3 ), is mainly regulated by the three different selenodeiodinases (D1-D3) (2, 15) . Tissue distribution and enzymatic activity of the three deiodinases are highly specific, and they all play a different physiological role. D2 is present in brain, pituitary, thyroid, brown adipose tissue, skeletal muscle, and aortic smooth muscle cells in humans (2, 6, 15, 17, 20, 30, 31) . It converts thyroxine (T 4 ) to T 3 by outer-ring deiodination, and it is important in the regulation of local thyroid hormone bioactivity in D2-expressing tissues. D2 in skeletal muscle may also contribute to serum T 3 production (2, 30) .
The mRNA of the D2 gene is unusually long (6 -7 kb) compared with the other two selenodeiodinases, containing long 5Ј-and 3Ј-untranslated regions (UTRs) (1, (3) (4) (5) . The 5Ј-UTR of the D2 mRNA is ϳ700 nt long and has an inhibitory effect on D2 translation. It causes a fivefold reduction in D2 activity in HEK-293 cells (9) . This 5Ј-UTR contains three short open reading frames [sORFs (1, 4, 5) ; Fig. 1 ]. The most upstream sORF (ORFa) is considered to be primarily responsible for the inhibitory effect of this 5Ј-UTR, since mutation of the start codon of ORFa completely abolished this inhibitory effect (9) .
In this study, we scanned the 5Ј-UTR of D2 for the occurrence of polymorphisms and identified a single nucleotide polymorphism (SNP) in ORFa, the sORF primarily responsible for the inhibitory effect of the 5Ј-UTR. The association of this SNP and of the previously identified D2-Thr92Ala (19, 24) with serum iodothyronine levels and their ratios was investigated in a population of blood donors and in a population of elderly men.
MATERIALS AND METHODS

Study Populations
Healthy blood donors. Blood was collected from 158 healthy, anonymized blood donors at the Sanquin Blood Bank South West Region (Rotterdam, The Netherlands) (24) . Informed consent was given by all donors. One subject was excluded because of serum free (f)T 4 and TSH levels, indicating hyperthyroidism, another because of hypothyroid fT4 and TSH levels. Sex was not documented for one subject. The mean age of the study population was 46.2 Ϯ 12.2 yr (mean Ϯ SD); 47.4 Ϯ 10.9 yr in the males (n ϭ 100), and 44.6 Ϯ 13.9 yr in the females (n ϭ 55). No information on possible thyroid hormone treatment was available. Descriptive statistics of this population are shown in Table 1 . No anthropometric data were available of this population. DNA was extracted from 2 ml of blood, using the PUREGENE DNA Isolation Kit (Gentra Systems, Minneapolis, MN) with slight modifications of the provided protocol. After isolation, DNA concentration was measured at 260 nm, and all samples were diluted to a concentration of 50 ng/l (stock) and 10 ng/l (work solution). Purity was determined by measuring the 260-to 280-nm ratio.
Healthy elderly men. DNA was available of 349 men of a crosssectional, single-center study in 403 independently living men, who were 70 yr of age and older (36) . In this study, names and addresses of all male inhabitants of 70 yr and older were drawn from the municipal register of Zoetermeer, a medium-sized town in the western part of The Netherlands. A total of 1,567 men were invited, and, after exclusion of subjects who did not live independently and subjects who were not physically or mentally able to visit the study center independently, eventually 403 men participated (25.7%). Participants signed an informed consent. The study was approved by the Medical Ethics Committee of the Erasmus Medical Center, Rotterdam. See Ref. 36 for a more detailed description of this population. Twenty-six subjects were not of Caucasian origin, the majority of them being of Asian origin. See Table 2 for the descriptions of this population. Of the 349 subjects, five were receiving thyroid hormone replacement therapy.
Serum and Plasma Analyses
Healthy blood donors. In this population, all hormone measurements were performed in EDTA plasma. T 4, fT4, T3, and TSH were measured by chemiluminescence assays (Vitros ECI Immunodiagnostic System, OrthoClinical Diagnostics, Rochester, NY). Reverse (r)T 3 was measured by radioimmunoassay (RIA), as previously described (37) . Intra-and interassay variability coeficients of all the assays were below 11%.
Serum total cholesterol was determined enzymatically on a Hitachi 911 analyzer (Roche Diagnostics, Indianapolis, IN). Both high-density lipoprotein cholesterol (HDL-C) and low-density lipoprotein cholesterol (LDL-C) were determined by a homogeneous assay (Roche Diagnostics, Almere, The Netherlands) on the Hitachi 911 analyzer (27, 28) .
Healthy elderly men. Blood samples were collected in the morning after an overnight fast. Serum was separated by centrifugation and stored at Ϫ40°C. TSH was measured using an immunometric technique (Amerlite TSH-30; Ortho-Clinical Diagnostics). Serum T 4, T3, and rT3 were all measured by RIA and fT4 by Amerlite MAB FT4 assay (Ortho-Clinical Diagnostics). Intra-and interassay variability coefficients of all the assays were below 11%.
Sequence Analysis
The 5Ј-UTR of the D2 gene was analyzed for the occurrence of SNPs by sequence analysis in 15 randomly selected blood donors. First, genomic DNA was amplified by polymerase chain reaction (PCR) using the primers listed in Table 3 . All primers used in this study were ordered from Invitrogen (Breda, The Netherlands). The PCR conditions were as follows: 5 min at 96°C; 38 cycles of 1 min at 94°C, 1 min at annealing temperature (Table 3) , and 1 min at 72°C; and finally 7 min at 72°C. PCR products were verified by agarose gel electrophoresis. Subsequently, they were purified using the High Pure PCR Product Purification Kit (Roche Diagnostics). To increase specificity, sequencing of the PCR products was performed using internal primers (Table 3) . Samples were purified using Micro Bio-Spin P-30 Tris columns (Bio-Rad, Veenendaal, The Netherlands) and sequenced directly on an automated ABI 3100 capillary sequencer (Applied Biosystems, Nieuwerkerk aan den IJssel, The Netherlands), using the Big Dye Terminator Cycle Sequencing method (Applied Biosystems).
Genotyping
The genotypes of both populations were determined by single base extension (SBE) analysis as described previously (24) . PCR products were generated using the primers listed in Table 3 . Twenty nanograms of genomic DNA were amplified in a PCR reaction with a total volume of 10 l. The PCR mixture contained 1ϫ PCR buffer (Invitrogen), 0.2 mM of each dNTP, 1.5 mM MgCl, 2 pmol of each primer, and 0.5 U Taq polymerase (Invitrogen). Annealing temperatures of the PCRs are listed in Table 3 . The SBE reactions were performed using the ABI Prism SNaPshot ddNTP Primer Extension Kit (Applied Biosystems) with slight modifications of the protocol provided by the manufacturer. Forward primers were used for SBE analysis of both the D2-Thr92Ala and the D2-ORFa-Gly3Asp polymorphisms.
Statistical Analysis
Data were analyzed using SPSS 10.0.7 for Windows (SPSS, Chicago, IL). Differences between the genotype groups were adjusted for Fig. 1 . Location of the D2-ORFa-Gly3Asp polymorphism in the type II deiodinase (D2) gene. Coding sequences are represented by gray boxes and the untranslated region by white boxes, whereas shaded box represents an intron that can be spliced out alternatively. TSS, transcription start site; TSSЈ and TSSЉ, 2 alternative TSSs. The 2 UGA codons, coding for selenocysteine, are depicted by ƒ. Finally, the gray semioval represents the selenocysteine insertion sequence element. age and/or sex if appropriate and tested by analysis of covariance using the general linear model procedure. Bonferroni correction for multiple testing was used where necessary. In case of an allele dose effect, we performed a (multiple) linear regression analysis to quantify the association. To minimize the influence of outliers, logarithmic transformations were performed if appropriate. The effects of the polymorphisms on serum indexes of thyroid function in the elderly were analyzed after exclusion of the subjects on thyroid hormone treatment (n ϭ 5). Deviation from Hardy-Weinberg equilibrium was analyzed using a 2 test. P values are two-sided throughout, and P Ͻ 0.05 was considered significant. Haplotype allele frequencies were estimated using the PHASE program (35). 
Sequencing of 5'-UTR
Fw 5Ј-TCGCCTAGCTCCTTCCCTGTC-3Ј 60°C 5Ј-ACCTGTATTCAAGTTTCTGCA-3Ј Rv 5Ј-TAATACCCTTGACAGCCTTCAG-3Ј 5Ј-AGCCTTCAGGAAATGCTTCCA-3Ј Fw 5Ј-TCTACCTGCCTTCCAGGATCC-3Ј 60°C 5Ј-GAGAGAGTGTTGGCCATATCAATC-3Ј Rv 5Ј-CCAGTCTCACTCTCTCCCTTG-3Ј 5Ј-CCAGGAGCGACTGACTCCTC-3Ј Fw 5Ј-CGTCAGGGAGACTCACTG-3Ј 50°C 5Ј-GCAGAGAGAGGCACTTTGCAC-3Ј Rv 5Ј-TTTCAGGATTTAAGATGTTA-3Ј 5Ј-AGCTGGCGTACTCGTCCCTAA-3Ј Fw 5Ј-AGAGACTGGACTTAGTCTTGC-3Ј 55°C 5Ј-AGAGGAGACAACTTGGGCTTC-3Ј Rv 5Ј-TGTCGGCATCGAGGAGGAAGC-3Ј 5Ј-CCAGACGCAGCGCAGTCCCTC-3Ј SBE analysis D2-Thr92Ala Fw 5Ј-CAGCTATCTTCTCCTGGATACCA-3Ј 58°C 5Ј-(T16)GTGTGGTGCATGTCTCCAGT-3Ј Rv 5Ј-CTGGTAGGGGAAGTGATCTCG-3Ј D2-ORFa-G/A Fw 5Ј-CGTCAGGGAGACTCACTG-3Ј 50°C 5Ј-(T40)TGAGCATAGAGACAATGAAAG-3Ј Rv 5Ј-AGCTGGCGTACTCGTCCCTAA-3Ј
RESULTS
Identification of New SNPs
Sequencing of the 5Ј-UTR of D2 revealed one SNP (GGC to GAC) located in the previously described ORFa [ATG AAA GGC TAA; Fig. 1 (1) ]. This variation changes the third codon for Gly into a codon for Asp. SBE analysis showed a frequency of 33.9% of the Asp 3 allele in the population of blood donors and of 33.5% in the population of elderly men. Furthermore, the allele frequency of the Asp 3 allele of D2-ORFa was not different between the highest and the lowest age quartiles in both populations, suggesting that the genotype frequency was independent of age.
Association of D2-ORFa-Gly3Asp with Circulating TSH and Iodothyronine Levels
Blood donors. The Asp 3 allele of D2-ORFa was associated with decreasing levels of T 4 , fT 4 , and rT 3 2C ) and circulating TSH levels (P ϭ 0.54).
Furthermore, the Asp 3 allele was associated with an increasing T 3 /T 4 ratio (P ϭ 0.002) and T 3 /rT 3 ratio (P ϭ 0.03), which are both thought to better reflect tissue deiodinase activity (Fig.  3) . The difference in T 3 /T 4 ratio corresponds to a 0.36 SD increase per allele copy.
Separate analysis of male and female subjects gave similar associations of the Asp 3 allele with iodothyronine levels in both groups, although it failed to reach significance in the females (n ϭ 55).
The D2-Thr92Ala polymorphism was not associated with plasma iodothyronines in this population, as published previously (24) .
Healthy elderly men. Due to limited quality and quantity of the DNA, only 341 subjects could be genotyped for both SNPs. In this population, no association of the D2-ORFa-Gly3Asp and/or D2-Thr92Ala variant was observed with serum TSH, iodothyronine levels, or their ratios (Table 4) . Association analysis of subjects with 0, 1, or 2 copies of the risk allele gave similar results as analysis of carriers and noncarriers.
Association of D2-ORFa-Gly3Asp with Plasma Cholesterol Levels
Blood donors. The D2-ORFa-related differences in serum thyroid parameters were not accompanied by alterations in cholesterol metabolism, since the D2-ORFa-Asp 3 variant was not associated with serum cholesterol, HDL-C, or LDL-C in this population (Table 5 ). The D2-Thr92Ala polymorphism was also not associated with plasma cholesterol levels (data not shown). It should be noted, however, that plasma T 4 and T 3 were not correlated with plasma cholesterol levels in this population either. Data represent means Ϯ SE; a n ϭ 199, b n ϭ 147. *P value for deviation from Hardy-Weinberg equilibrium.
Haplotype Analysis of D2-Thr92Ala and D2-ORFa-Gly3Asp
D2-Thr92Ala and D2-ORFa-Gly3Asp were analyzed for linkage disequilibrium in both populations, and haplotype allele frequencies were estimated. Frequency estimates of the four different haplotype alleles are shown in Fig. 4 . The haplotype allele D2-ORFa-Asp 3 /Ala 92 (haplotype allele 4) was present only at very low frequency (4 copies in the blood donors and 8 in the elderly men), suggesting that the D2-ORFa-Asp 3 and D2-Ala 92 alleles appear predominantly on different haplotype alleles and are in linkage disequilibrium (P Ͻ 0.001 for both populations). Because of the low frequency of the haplotype allele 4, the variant alleles are assigned only to frequent haplotypes (the Asp 3 allele to haplotype 2 and the Ala 92 allele to haplotype 3). Association analysis of haplotype allele 2 with serum thyroid parameters in blood donors, therefore, gave similar results to the association of the D2-ORFa-Asp 3 variant with these parameters.
DISCUSSION
In this study, we identified a new SNP in the most upstream sORF (ORFa) of the 5Ј-UTR of D2. ORFa contains only three codons and a stop codon (Met-Lys-Gly) and is primarily responsible for the inhibitory effect of this 5Ј-UTR on D2 translation (9) . The polymorphism identified in this study results in a change of the last codon from a Gly to an Asp. In healthy blood donors, this D2-ORFa-Asp 3 variant was associated with lower levels of plasma T 4 , fT 4 , and rT 3 in a dosedependent manner, but not with plasma T 3 and TSH levels. Pituitary D2 activity is essential for the negative feedback regulation of hypophyseal TSH secretion by circulating T 4 (32, 34) . D2 knockout mice have an impaired feedback regulation, resulting in an approximately twofold-increased T 4 and TSH concentration but normal circulating T 3 (32) . The relatively low T 4 but unaltered TSH and T 3 levels in carriers of the D2-ORFa-Asp 3 variant suggest that the pituitary needs less T 4 to produce the same amounts of local T 3 and, thus, a normal negative feedback action. These data therefore suggest that the D2-ORFa-Asp 3 variant results in a higher D2 activity in the pituitary. As we described previously (24) , the D2-Thr92Ala polymorphism was not associated with plasma iodothyronines in this population.
D2 has been identified in skeletal muscle of humans and pigs, especially in the hypothyroid situation (10, 30, 38 ), although we were not able to measure D2 activity in skeletal muscle of critically ill patients (25) . On the basis of these observations and on the fact that propylthiouracil, an inhibitor of D1 but not of D2, can only partially inhibit T 4 -to-T 3 conversion in T 4 -replaced hypothyroid subjects (8, 16, 29) , it is believed that D2 is not only involved in the regulation of local thyroid hormone bioactivity but that it also contributes to circulating iodothyronine levels (2) . Plasma iodothyronine levels depend not only on the iodothyronine-metabolizing enzymes but also, among other things, on thyroid function and plasma iodothyronine binding capacity. Therefore, the ratios between plasma iodothyronines are thought to better reflect peripheral metabolism of thyroid hormone. The association of the D2-ORFa-Asp 3 variant with higher T 3 /T 4 and T 3 /rT 3 ratios supports the hypothesis that D2 contributes to circulating iodothyronine levels. Higher T 3 /T 4 and T 3 /rT 3 ratios in carriers of the D2-ORFa-Asp 3 variant suggest that these subjects have a higher D2 activity in tissues such as skeletal muscle and that this altered D2 activity indeed affects plasma iodothyronine levels. The low serum rT 3 levels in carriers of the D2-ORFaAsp 3 variant support this, as D2 can also break down rT 3 by outer-ring deiodination (2) . The D2-ORFa-related differences in plasma thyroid parameters were not accompanied by alterations in cholesterol metabolism, since the D2-ORFa-Asp 3 variant was not associated with plasma cholesterol, HDL-C, or LDL-C in this population. However, it should be noted that T 4 and T 3 were not correlated with serum cholesterol levels in this population either.
Only 10% of all mRNA sequences contain a sORF upstream of the major coding sequence (12, 13) . Another example of such a gene is the ␤ 2 -adrenergic receptor, whose 5Ј-UTR contains a sORF, consisting of 19 codons and a stop codon, which inhibits the translation of the receptor protein (22) . A polymorphism in this sORF, which alters the last codon from an Arg to a Cys, results in a twofold increase in the translational efficiency of the ␤ 2 -adrenergic receptor (18) . Similarly, the D2-ORFa-Gly3Asp polymorphism may very well result in an increased translational efficiency of D2. Data represent means Ϯ SE, data are adjusted for age and sex. HDL-C and LDL-C, high-and low-density lipoprotein-cholesterol, respectively. *P value for deviation from Hardy-Weinberg equilibrium. There are several other potential mechanisms through which the codon change in ORFa might modulate D2 activity. The polymorphism is located closely to a potential intron, which is spliced out alternatively, producing variant 2 of human D2 mRNA. The D2-ORFa-Gly3Asp polymorphism may thus affect alternative splicing of this intron. Furthermore, because this SNP is located in the 5Ј-UTR, a change in the stability of the mRNA or in secondary structure may also play a role in the inhibitory effect of 5Ј-UTR sORFs on translational efficiency (11) . Alternatively, the D2-ORFa-Gly3Asp polymorphism could be in linkage disequilibrium with another SNP located in the coding sequence, such as D2-Thr92Ala, or in a regulatory area of the gene. However, in this study, haplotype analysis indicated that the risk alleles appear largely on separate (frequent) haplotype alleles. The D2-ORFa-Gly3Asp polymorphism does not seem to be related to insulin resistance (unpublished data), in contrast to D2-Thr92Ala, which is associated with insulin resistance (19) . Vice versa, D2-Thr92Ala was not related to thyroid hormone levels.
In a population of elderly men, the D2-ORFa-Gly3Asp variant was not associated with plasma iodothyronine levels. The different effects of the D2-ORFa-Asp 3 allele in blood donors and elderly men might be explained by the difference in age between the two populations (mean ages 46 vs. 77 yr). Throughout adult life, skeletal muscle size and strength gradually decline, resulting in a decrease in D2-expressing skeletal muscle. Although D1 activity also decreases during aging (7, 21) , the relative contribution of D2 to serum iodothyronine production may be less important in elderly than in young subjects (23) . The association of the D2-ORFa-Gly3Asp variant with plasma iodothyronine levels in blood donors was strongest in the youngest age quartile, whereas this association failed to reach significance in the oldest age quartile, which supports this hypothesis (data not shown).
In conclusion, we identified a polymorphism in ORFa of the 5Ј-UTR of D2, which is the sORF primarily responsible for the inhibitory effect of the 5Ј-UTR on D2 expression. This D2-ORFa-Gly3Asp polymorphism is associated with circulating iodothyronine levels in blood donors but not in elderly men, suggesting an age-dependent effect of this polymorphism.
